Noble metal, especially gold (Au) and silver (Ag) nanoparticles exhibit unique and tunable optical properties on account of their surface plasmon resonance (SPR). In this paper, we mainly discussed the theory background of the enhanced optical properties of noble metal nanoparticles. Mie theory, transfer matrix method, discrete dipole approximation (DDA) method, and finite-difference time domain (FDTD) method applied brute-force computational methods for different nanoparticles optical properties. Some important nanostructure fabrication technologies such as nanosphere lithography (NSL) and focused ion beam (FIB) are also introduced in this paper. Moreover, these fabricated nanostructures are used in the plasmonic sensing fields. The binding signal between the antibody and antigen, amyloid-derived diffusible ligands (ADDLs)-potential Alzheimer's disease (AD) biomarkers, and staphylococcal enterotixn B (SEB) in nano-Moore per liter (nM) concentration level are detected by our designed nanobiosensor. They have many potential applications in the biosensor, environment protection, food security, and medicine safety for health, and so forth, fields.
Introduction
The intense scattering and absorption of light from noble metal nanoparticles is the source of the beautiful colors in stained glass windows and has attracted the interest of scientists for generations. Although scientists have learned that the characteristic hues of these noble metal nanoparticle suspensions arise from their strong interaction with light, the advent of the field of nanoparticle optics has allowed for a deeper understanding of the relationship among material properties (including chemical composition, size, and shape), local dielectric environments, and the observed color of a metal suspension. An understanding of the optical properties of noble metal nanoparticles is of both fundamental and practical significance. It helps to systematically explore the nanoscale structural and local environmental characteristics that cause optical property variation as well as provide access to regimes of predictable behavior. Practically, the tunable optical properties of nanostructures can be applied as materials for surface-enhanced spectroscopy [1] , optical filters [2] , plasmonic devices [3] , and sensors [4] .
Noble metal nanoparticles exhibit a strong UV-vis absorption band that is not present in the spectrum of the bulk metals [5] . This absorption band results when the incident photon frequency is resonant with the collective oscillation of the conduction electrons and is known as the localized surface plasmon resonance (LSPR). LSPR excitation results in wavelength selective absorption with extremely large molar extinction coefficients ∼3 × 10 11 M −1 cm −1 [6] , resonant Rayleigh scattering [7, 8] with an efficiency equivalent to that of 10 6 fluorophors [9, 10] , and the enhanced local electromagnetic fields near the surface of the nanoparticle which are responsible for the intense signals observed in all surface-enhanced spectroscopies [11] . It is well established that the peak extinction wavelength, λ max , of the LSPR spectrum is dependent upon the size, shape, and interparticle spacing of the nanoparticle as well as its dielectric properties and those of the local environments [5] . Consequently, there are at least four 2 Journal of Nanomaterials different nanoparticle-based sensing mechanisms that enable the transduction of macromolecular or chemical binding events into optical signals based on changes in the LSPR extinction or scattering intensity, shifts in LSPR λ max , or both. These mechanisms are (1) resonant Rayleigh scattering from nanoparticle labels in a manner analogous to fluorescent dye labels [12] ; (2) nanoparticle aggregation [13] ; (3) charge-transfer interactions at nanoparticle surfaces [14, 15] ; and (4) local refractive index changes [16] .
In recent years, some research groups are working on developing biosensors based on the localized surface plasmon resonance (LSPR) exhibited by golden metal nanoparticles. The representative works have been performed and reported by the Van Duyne Group of Northwestern University [17, 18] . Golden metal nanoparticles with different materials, sizes, periods, and refractive index of the medium around the nanoparticles can scatter the light of different wavelengths according to their characteristic SPR [19] . The target molecules such as proteins or virus can bind to the surface of the metal after chemical prefunction of the nanoparticles [20] .
Discrete dipole approximation (DDA) [21, 22] and finite-difference time domain (FDTD) [23, 24] are the widely used designed methods for the nanoparticles used for the LSPR nanobiosensor. Nanosphere lithography (NSL) [25] and focused ion beam (FIB) [26, 27] have been applied widely in the nanofabrication filed. Based on the previous research work, various optical structures have been designed and investigated for plasmon biosensing. This article will mainly review the optical properties and immunoassay applications of noble metal nanoparticles. Emphasis will be given to the description of the theory background of plasmon resonance for metal nanoparticles. In particular, we will focus on the mathematical background and calculated results of DDA and FDTD methods. The fabrication results based on our extend nanofabrication techniques (etc. NSL and FIB) will be revealed too. Examples of detecting various types of biomolecules based on refractive-index plasmonic sensing principle will be presented.
Theory Background
As a first approximation, the plasmon resonance for a small spherical metal nanoparticle can be understood by a simple Drude free-electron model, assuming that the positively charged metal atoms are fixed in place and that the valence electrons are dispersed throughout a solid sphere of overall positive charge. In the quasistatic limit, where the wavelength of light is much larger than the size of the particle, the force exerted by the electromagnetic field of the incident light moves all the free-electrons collectively. Using the boundary condition that the electric field is continuous across the surface of the sphere, the static polarizability can be expressed as
where R is the sphere radius, ε is the complex dielectric function of the metal and ε m is the dielectric constant of the embedding medium. The polarizability shows a resonance when the denominator is minimized, which occurs when the magnitude of the real part of the complex dielectric function, ε real, is −2ε m . This resonance condition for the polarizability leads to a strong extinction of light at the plasmon resonance frequency. Within this free-electron description, plasmons can be thought of as collective oscillations of the conductionband electrons induced by an interacting light wave.
To determine the plasmon-resonant properties of arbitrarily shaped particles, solutions to Maxwell's equations must be obtained. For nanoparticles with a spherical symmetry, Mie scattering theory [28, 29] provides a rigorous solution that describes well the optical spectra of spheres of any size. To determine the extinction spectrum of a nanoparticle using the theory, the electromagnetic fields of the incident wave, scattered wave and the wave inside the particle are expressed as the sum of a series of vector spherical harmonic basis functions. The electromagnetic fields must then satisfy Maxwell's boundary conditions of continuity at the junction between the nanoparticle and the embedding medium. Mie scattering theory is exact and it accounts for field-retardation effect that becomes significant for particles whose sizes are comparable to the wavelength of light.
For nonspherical geometries, brute-force computational methods, such as the discrete dipole approximation (DDA) [19] and the finite-difference time domain (FDTD) [30, 31] methods are widely used. In the DDA, the scattering and absorption properties of arbitrarily shaped nanostructures are calculated by approximating the complete nanostructure as a finite array of polarizable point dipoles. In response to an external field, the points acquire a dipole moment, and the scattering properties are then calculated as the interaction of a finite number of closely spaced dipoles.
Mathematical Background and Calculated Results of
DDA. DDA algorithm is a powerful numerical method for calculating scattering and absorption for the targets of arbitrary structures. The target is represented as a lattice of polarizable cubic elements (N point dipoles) whose positions and polarizabilities are denoted as r i and α i . The electrodynamics of this array of dipoles in the presence of an applied plane wave field is then solved exactly. To do this, the polarization induced in each dipole as a result of the incident and retarded fields from the other elements can be expressed as [21, 22] 
where the local field E loc (r i ) is the sum of the incident and retarded fields of the other N − 1 dipoles. For a given wavelength λ, the field can be expressed as
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where r i j = |r i − r j | is the distance vector from dipole i to dipole j. Substituting (3) and (4) into (2), and rearranging the (2), we obtain
The polarization vectors and electric fields are then obtained by solving 3N linear equations of the form
where the off diagonal elements of the matrix, A i j , is the same as A i j , and the diagonal element of the matrix, A ii , is α −1 . After obtaining the polarization vector P, we can calculate cross section of the extinction as
Im E loc,i P i .
The computer time used in the DDA method is proportional to the number of the dipoles. Depending on the error tolerance in the calculation, the typical cube size required for convergence (for a noble metal particle) is in the range of 0.5-2 nm, and the method is limited to the calculation of a particle or a cluster of particles whose total size is a few hundred nanometers in each dimension. For a periodic array of particles, the local electric field and polarization is a periodic function in two dimensions. So we need to solve the linear equations for a single unit cell only. But for the sum term in (3), it is extended to include periodic replicas of as many cells as the numbers, which is needed to converge the expansion.
The extended DDA program of calculating extinction spectra for the two-dimensional infinite arrays is proposed according to the structure character of the rhombic structure while the original DDA program can only calculate extinction spectra of the single particle. The original DDA program DDSCAT 6.1 is from Draine and Flatau, the dielectric constants for gold and silver are taken from [32] . All of our results are calculated by taking the effective index of medium as the external dielectric material and the interdipole spacing is set to be 2 nm in our calculation.
We designed the geometry parameter of the nanostructure array and proposed calculating the extinction spectra of rhombic hybrid Au-Ag nanostructures using DDA aided design method [33] . Using this aided method, a hybrid Au-Ag nanostructures array is designed with the determinant parameters of thickness (Au5 nm, Ag25 nm), period (400 nm) and the refractive index sensitivity (400 nm/RIU). This study shows that the particle material, period and the effective refractive indexes of the mediums have significant effect on the optical properties of the nanostructures, and DDA aided design method can provide the right structure parameters for our hybrid nanostructures. The nanostructure array and the calculated results are shown in Figures  1, 2 , 3, 4, and 5. From the above calculations, it is found that the hybrid Au-Ag rhombic nanostructure array can play the role of tuning the plasmon peak with high refractive index sensitivity. In summary, we have proposed a DDA aided design method to determine the thickness, period, and refractive index of the hybrid Au-Ag rhombic nanostructure. The DDA calculations confirm that the material and the structure of nanoparticles have significant effects on their optical extinction spectrum properties. The thickness, the period and the refractive index change of Au and Ag can significantly shift the plasmon peaks. DDA is an effective method to design the structure parameters, which can help us to obtain the suitable structure parameters. The DDA calculated results showed that the nanostructures array formed by identical Au-Ag rhombic nanostructures with in-plane width of about 120 nm and out-of-plane height of about 25 nm Ag and 5 nm Au, and the period of the Au-Ag nanorhombus array 400 nm are suitable structure parameters and the nanostructure array can be used for the potential biological nanosensor application in the future.
Mathematical Background and Calculated Results of FDTD.
FDTD is a computational method based on numerically evaluating the temporal evolution of electromagnetic fields using Maxwell's equations. Because Maxwell's Journal of Nanomaterials equations relate time-dependent changes in the electric (magnetic) fields to spatial variations in the magnetic (electric) fields, FDTD programs implement an explicit timemarching algorithm for solving Maxwell's curl equations, usually on an offset Cartesian spatial grid. Modelling a new system is therefore reduced to grid generation, instead of deriving geometry-specific equations. In addition, the time-marching aspect of the FDTD method enables direct observations to be made of both near-and far-field values of the electromagnetic fields at any time during the simulation. With these "snap shots", the time evolution of the electromagnetic fields can be calculated directly. FDTD method treats Maxwell equations as s set of finitedifference equations in both time and space. The model space considered includes both the probe and the sample surface and consists of an aggregation of cubic cells with each cell having its own complex dielectric constant. The finitedifference equations can be written as [23] : 
where E = E(E x , E y , E z ) and H = H(H x , H y , H z ) are the electric field and the magnetic induction vectors, respectively, and 2Δx, 2Δy, and 2Δz are increments along the three coordinate directions respectively, Δt is the unit time increment, and ε(x, y, z) is the complex dielectric constant of the medium at that point. Equation (8) is simultaneously solved to determine the component values at the time t + Δt. Commercial professional software was adopted here for the computational calculation and numerical analysis [24] . Broad band of the incident light is ranging from 400 nm to 750 nm with plane wave in normal incidence angle θ = 0 • . Meshing size in x and y (two-dimensional simulation) is Δx = 2 nm and Δy = 2 nm, respectively. Simulation time t (theoretically, t = Δx/2c, c is the velocity of light) is set to be 125 fs. The output result is the relationship between the absorption and the incident wavelength.
The FDTD has become an extremely powerful technique for modelling nanostructures with complex shapes as well as arrangements of multiple nanostructures. By using FDTD, we proposed a design approach of metallic nanoparticles for biosensing: calculation of electronic-field enhancement. The engineered rhombic Ag nanostructures array was designed by means of finite-difference and timedomain (FDTD) algorithm-based computational numerical calculation through both spectrum and electromagnetic field analyses [34] . The extinction efficiency was obtained by theoretical numerical calculation. Moreover, the LSPRinduced enhancement of the electronic field distribution is calculated. All the rhombic nanostructure array and the calculated results are shown in Figures 6, 7, 8 , and 9. It can be seen from the figures that the rhombic Ag nanostructures array can enhance the localized electric fields near the surface of the metallic array. This design approach may be a guideline for designing the engineered metallic particles arrays.
Nanofabrication Techniques
Nanostructured metallic arrays have attracted considerable attention of researchers because of their broad applications in nanoscience and nanotechnology such as enhanced Raman scattering [35] , bioreactors [36] , and biosensors [37] [38] [39] [40] , Nanostructured arrays may be produced using many different methods, including electron beam lithography [41] , ion beam lithography [42] , focused ion beam (FIB) [26, 43] , X-ray lithography [44] , electron holographic lithography [45] , laser interference lithography [46] and nanosphere lithography (NSL) [25] . Among these techniques, NSL and FIB are increasingly used in research laboratories [47] . NSL techniques developed by Van Duyne's group [48, 49] began with the deposition of polystyrene(PS) nanospheres by dropcasting them onto a solid substrate and allowing them to self-assemble into hexagonally close-packed monolayers. The PS nanospheres act as masks in subsequent physical vapor deposition of noble metal. Then the PS nanosphere mask was removed by sonicating in solvent to obtain the triangular nanostructure array. While FIB allows direct patterning and therefore does not require an intermediate sensitive media or process (resist, metal deposited film, etching process). Around 1959, Feynman asked the question on the FIB fabrication limits of miniaturization [50] . He proposed to use ion beams to sculpt matter to the required nanoscale. The realization of features fabricated using FIB lithography with lateral widths as small as 8 nm in a poly (methyl methacrylate) (PMMA) resist layer was in particular demonstrated by the team of Seliger and then later of Kubena [51] . Recently, Arshak [52, 53] proposed a new lithographical concept about FIB lithography capabilities. This concept organizes a bilayer resist on a substrate. The first layer is irradiated with gallium ions to paint a mask pattern. Then the image of the gallium implanted mask is transferred to the Journal of Nanomaterials 7 20 kV × 30,000 0.5 μm Figure 10 : SEM image of topography of the triangular nanostructures array fabricated using NSL. From [55] . 20 kV × 20,000 1 μm 2 # Figure 11 : SEM image of triangular-arranged hexagonal array fabricated using NSL. From [55] .
second resist layer using a dry reactive ion etching process of oxygen (O 2 ). This technique can fabricate deep sub-100 nm features and high aspect ratio resist features (up to 21 : 1). It is suitable for many application fields requiring high resolution and high aspect ratio lithography. However, using NSL alone can generate only a few limited patterns [54] . The close-packed submicron spheres used as masks in the NSL form hexagonal-arranged triangular interstice arrays only in the monolayer. Because NSL has potential for producing a well-ordered, two-dimensional (2D) periodic nanoparticle arrays from a wide variety of materials on different substrates, some of the relevant works have received much attention at present.
To overcome the problem of generating a few limited patterns, we describe an alternative approach that combines reactive ion etching (RIE) with NSL techniques to achieve more varieties of nanostructure arrays [55] . We refer to this reactive ion etching-assisted nanosphere lithography technique as RIE-NSL. Specifically, RIE is used to tune the shape and size of a monolayer or bilayer of submicron spheres after the NSL process. As a result, the nanostructured metallic arrays with different shapes and sizes 20 kV × 20,000 1 μm Figure 12 : SEM image of hexagonal-arranged Au nanocolumn array fabricated using RIE-NSL. From [55] . 20 kV × 20,000 1 μm Figure 13 : SEM image of rhombic silver nanostructure array fabricated using RIE-NSL. From [55] .
are formed on the substrates by subsequent RIE etching and deposition processes using the spheres as masks. To illustrate this method, we fabricated several different shapes such as nanorhombic, nanohexagon, and nanocolumn arrays on glass substrate. During this fabrication process, the hemispheroidal polystyrene (PS) arrays and porous Ag membranes have also been obtained. Using NSL technology, we have fabricated the triangular, rhombic, hexagonal, column, and so forth, nanostructure arrays, as shown in the SEM images in Figures 10, 11 , 12, and 13. FIB is a technique used particularly in the semiconductor and materials science fields for site-specific analysis, deposition, and ablation of materials. An FIB setup is a scientific instrument that resembles a scanning electron microscope (SEM). However, while the SEM uses a focused beam of electrons to image the sample in the chamber, an FIB setup instead uses a focused beam of ions.
We have carried out considerable work in the area of FIB nanofabrication and geometrical characterization [56] [57] [58] and succeeded in producing various nanostructures including nanodots, nanorods, nanowells, and nanoscale gratings, as shown in Figure 14 . Our researches cover not only FIB direct nanofabrication but also FIB-induced selforganization of nanostructures and template-guided selforganization. The understanding of self-organization makes it possible to produce self-organized nanostructures if they are useful or suppress the undesirable self-organization in the process of direct nanofabrication.
Refractive-Index Plasmonic Sensing
The LSPR-based nanobiosensor is a refractive index-based sensing device which relies on the extraordinary optical properties of noble metal (e.g., Ag, Au and Cu) nanoparticles [59, 60] . The sensing capability of the LSPR sensor can be modified by tuning shape, size and material composition of the nanoparticles. The nanoparticles are effective for quantitative detection of chemical and biological targets [61] . The sensing principle employed in these experiments relies on the high sensitivity of the LSPR spectrum of the noble metal nanoparticles due to an absorbate-induced change in the dielectric constant of the surrounding environment. The local environment that surrounds the nanoparticles can be modified by chemic disposal and the binding of the biological molecular. The extinction spectrum of the Journal of Nanomaterials nanosensor can be derived using a spectrophotometer [4] . Figure 15 shows a nanoscale biosensor based on surface plasmon resonance sensitivity to local medium dielectric changes [62] . LSPR spectra of each step in the surface modification of NSL-derived Ag nanoparticles to form a biotinylated Ag nano-biosensor and the specific binding of SA is shown in Figure 16 [62] . We used our designed nanobiosensor to probe antibody antigen interactions and even diagnose Alzheimer's disease (ADDLs-potential Alzheimer's disease (AD) biomarkers) [63] and the SEB infection [64] .
Summary
In this review, we discuss the enhanced optical properties of noble metal nanoparticles, with an emphasis on the recent advances in the utility of these plasmonic properties in the theory background, fabrication method, plasmonic sensing and plasmonic waveguides. The DDA and FDTD method applied brute-force computational methods for different nanoparticles optical properties. The nanostructure fabrication technologies such as FIB, NSL are two important methods to fabricate the nanostructures. They can fabricate arbitrary shapes nanostructures. Moreover, in the application of the LSPR nanobiosensor, we focus on the application of detecting the binding signal between the antibody and antigen, ADDL, and SEB in nM concentration level. In the future, we will proceed to the single molecule detection method based on the LSPR.
